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The measurements performed in Japan have shown that muon radiography is an “imaging technique” capable
of providing information of the internal structure of volcanoes with a resolution and richness of details beyond
the reach of conventional, non-imaging techniques. The measurements have been performed using electronic
detectors or nuclear emulsions. The latter have shown excellent muon tracking capabilities and space resolution,
but are lacking of the capability of electronic detectors to provide data in real time. In this paper, we examine
the possibility of developing an electronic detector giving a resolution comparable to that of nuclear emulsions
and with a larger area than used so far, in order to see deeper structures inside volcanoes in spite of the strong
muon absorption in the rock. We specifically discuss the very challenging application of muon radiography to
Mt. Vesuvius, driven by the strong social interest coming from the enormous potential danger which it represents.
Applications to other volcanoes can be envisaged.
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1. Introduction
Muon radiography was first proposed to determine the
thickness of snow layers on a mountain (George, 1955).
The first application of this method was realised to search
for unknown burial cavities in the Chephren’s pyramid
(Alvarez et al., 1970). The pioneering work done in Japan
for the radiography of the edifice of volcanoes by using
quasi-horizontal cosmic ray muons (Nagamine et al., 1995;
Tanaka et al., 2003, 2005, 2007a–c, 2008; Tanaka and
Yokoyama, 2008) opened new possibilities for the study of
their internal structure. The spatial resolution that in prin-
ciple can be reached in investigations of internal structures
is of the order of tens of meters, which cannot be achieved
with other techniques.
The present paper concerns the possibility to apply muon
radiography to study the edifice of a volcano at very high
risk, Mt. Vesuvius. Mt. Vesuvius is a cone, 1280 m high
above sea level, which has grown within the ancient caldera
of Mt. Somma (Figs. 1 and 2). Mt. Somma was formed
about 19,000 years ago and its original height was esti-
mated to be about 2000 m. Only the northern ridge of Mt.
Somma is actually left as a part of the ancient structure,
whose collapse started during two large eruptions occurring
about 18,000 and 16,000 years ago. The history of the vol-
cano is characterized by dramatic Plinian and sub-Plinian
eruptions, the most famous of which caused the destruc-
tion of the towns of Pompeii, Herculaneum and Stabiae in
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AD 79, as reported by Pliny the Younger (Plinius, 104). In
relatively recent times several eruptions occurred, the most
recent in 1944. The eruptions altered dramatically the mor-
phology of the mountain, as it can be deduced from the
artistic representation shown in Fig. 3. An impressive pic-
ture of the evolution in the course of the years 1630–1944
can be found in http://www.ov.ingv.it/. At present, the mon-
itoring system does not reveal signs of notable activity. The
present apparent quiescence raises questions on the possible
storing of a large amount of energy that could be delivered
in a future eruption.
The population living at the base and along the slopes of
Mt. Vesuvius in a “red” area, which is classified at the high-
est volcanic risk in Europe, reaches about 600,000 people.
The knowledge of the inner structure of the volcano edifice
and subsoil structure is of the greatest importance to build
realistic scenarios of the future eruptive activity through
simulations of the magma upraising mechanism and erup-
tion.
Mt. Vesuvius is among the most studied volcanoes in the
world. It was thoroughly investigated using geophysical
methods. The Vesuvian Observatory was set up in 1841.
It is the oldest volcano observatory in the world. Its ancient
building was constructed on the volcano slopes at about
600 m above sea level. The main research activities of
the Vesuvian Observatory, which is now also in charge of
monitoring Stromboli, were moved to the headquarters in
Naples. The historically pioneering research infrastructure
at Mt. Vesuvius is still operational by hosting monitoring
instruments and a scientific museum.
The study Mt. Vesuvius by muon radiography represents
a very challenging task, due both to the morphology of the
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Fig. 1. Aerial view of Mt. Vesuvius; part of Mt. Somma is visible in the
upper side.
mountain and to the aim of investigating deeper structures
than in previous applications of muon radiography to vol-
canoes. The use of this technique to investigate the inter-
nal structures of volcano ediﬁces at greater depths below
their summit, where absorption strongly reduces the muon
ﬂux, requires detectors of larger area than previously built
(of the order of 1 m2) though maintaining features of porta-
bility in a volcanic environment. Detectors of larger area
reduce the time required for a radiography and, in applica-
tions at shallower depths, may aim to the (quasi) real time
response required for monitoring purposes. Together with a
large area, it is important to achieve a high angular resolu-
tion, of the order of 15 mrad. So far, such a resolution has
been achieved only by using nuclear emulsions (Tanaka et
al., 2007a–c, 2008; Tanaka and Yokoyama, 2008).
The realisation of a large-area, high-resolution detector
for the study of Mt. Vesuvius, exploiting new technolo-
gies developed for Particle Physics, has a broader interest
in view of its utilization for the study of other volcanoes.
We thus intend to operate in the framework of a scientiﬁc
network sharing our objectives.
This paper is associated with those presented by G. Miele
and by M. Vassallo at this workshop.
2. Volcanological Motivations
Mt. Vesuvius is a stratovolcano located in Southern Italy
within a graben (Campania Plain) formed in the Plio-
Pleistocene. It is the southernmost and the youngest of
a group of Pleistocene volcanoes, three of which (Mt.
Epomeo in Ischia Island, Phlegrean Fields and Mt. Vesu-
vius) erupted in historical times. Mt. Vesuvius is located
15 km east of the city of Naples. The AD 79 eruption
destroyed Pompeii, Herculaneum and Stabiae. It is the
ﬁrst catastrophic eruption described in remarkable details
(Plinius, 104).
The chronology of Mt. Vesuvius eruptions shows that at
least seven violent Plinian as well as numerous sub-Plinian
eruptions occurred in historical times, many of which were
separated by long periods of quiescence. The chronology
suggests also that the longer is the quiescence period the
more violent is the renewal of activity. The last period of
persistent volcanism of Mt. Vesuvius started after the 1631
Plinian eruption and lasted till 1944. Since that time Mt.
Vesuvius has been quiescent and actually only a moderate
seismicity and fumaroles testify its activity.
The volcanic activity of Mt. Vesuvius is monitored by
a multi-parametric observation system for the continu-
ous recording of seismicity, ground-deformation and gas-
emission data that are transmitted to the operating centre of
Vesuvian Observatory, located downtown in Naples.
The volcano was the object of accurate geophysical and
volcanological studies. In particular, active/passive seismic
tomography and wave reﬂection studies were recently per-
formed with the aim of improving the knowledge of the
deep geological structures beneath the volcano (Zollo et al.,
1996, 2002; Auger et al., 2001). The structural model of
the volcano is essential to predict realistic scenarios of the
eruptive activity and it is the basis for the identiﬁcation of
possible precursors of future eruptions.
The resolution of seismic and more generally of geo-
physical techniques (seismological, electromagnetic, gravi-
tational) is rather low, being able to deﬁne space variations
of elastic properties with an accuracy of several hundreds
of meters in the optimal acquisition conditions. This res-
olution does not allow characterizing small volcanic struc-
tures (conduits, high density anomalies, magma intrusions)
that can have an important role in forecasting the time and
magnitude of hazardous future eruptions.
With resolutions up to tens of meters in optimal detection
Fig. 2. Mt. Vesuvius in the caldera of Mt. Somma, as seen from Naples.
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Fig. 3. Dionysus and Mt. Somma (presumably) before the AD 79 eruption
(fresco from Casa del Centenario, Pompei; now at Naples Archaeologi-
cal Museum).
conditions, muon radiography is expected to give us con-
siderably better images of the top region of a volcano ed-
iﬁce than those obtained by conventional gravity methods.
Muon radiography should thus allow to gather information
on anomalies in the density distribution, such as those ex-
pected from dense lava conduits, low-density magma sup-
ply paths or the compression with depth of the overlying
soil. The availability of accurate rock-density measure-
ments from muon radiography should also allow inferring
the chemical composition and thermal state of the volcano
crater.
The combined use of muon radiography and seismologi-
cal and gravity measurements is expected to provide a wide
vision of the shallow/deep internal volcanic structure in-
cluding also the topmost part of the volcano ediﬁce that is
important to monitor the state of the volcano and provide
useful data to predict the evolution of an eruption.
The persistent eruptive activity and ediﬁce morphology
makes of “strombolian” volcanoes the ideal laboratory to
exploit muon radiography techniques. The Stromboli vol-
cano of the Aeolian Islands in southern Italy is considered
one of the most active volcanoes in the world. Its persistent
but moderate explosive activity is only interrupted by rare
episodes of more vigorous activity accompanied by lava
ﬂows. This volcano is particularly suited for the application
of muon radiography technique, since it is an open conduit
volcano characterized by persistent conduit degassing and
explosive dynamics. A detailed image of the volcanic edi-
ﬁce can help to map the conduit network path and monitor
the eruption processes by surveying the magma emplace-
ment at shallow depths close to the vents (Acocella et al.,
2006; Chouet et al., 2008). Stromboli is a composite strato-
volcano that steeply reaches ∼900 m above sea level, thus
allowing to image a large portion of the volcano ediﬁce by
muon radiography.
The feasibility of periodically repeated cosmic-ray muon
radiographies opens also new perspectives on the near-real
time investigation of volume deformation of a volcanic
ediﬁce structure, induced by inner processes of mass re-
distribution. The occurrence of inﬂation episodes due to
magma upraising or hydro-thermal ﬂuid circulation can be
the cause for signiﬁcant volume and rock physical property
changes which can produce density variations detectable by
cosmic ray muon radiography. This would have great rele-
vance for the monitoring of volcanic hazard and quantitative
assessment of volcanic risk.
3. Estimate of Muon Rates
As an important premise we stress that reliable estimates
of the muon ﬂux are difﬁcult to perform, because of their
strong absorption in the rock to be traversed and of the un-
certainties in simulating the interactions of muons at much
higher energy than in current particle physics experiments.
The estimate of the muon ﬂux has thus to come from a
Monte Carlo simulation tuned on real data.
For energies larger than 100 GeV, the cosmic-ray muon
ﬂux at the top of the atmosphere is described by the follow-
ing expression (Adair and Kasha, 1976):
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where θ denotes the zenith angle (measured from the verti-
cal) and E is the energy measured in GeV. The muon ﬂux
falls steeply with energy, with a power index −2.7. This
behaviour makes measurements requiring the traversal of
large thicknesses of rock increasingly difﬁcult. To set the
energy scale of interest for muon radiography of volcanoes,
let’s consider that the ionisation energy loss of relativistic
particles in matter is approximately 2.5MeV g−1 cm−2 (The
review of particle physics—Particle Data Group, Amsler et
al., 2008). With a density of 2.2 g cm−3, it corresponds a
loss of about 0.5 TeV km−1. Accounting for high energy
processes, the threshold for muons to traverse 1 km of rock
is approximately 1.5 TeV.
By taking into account the energy loss in the atmosphere,
the curvature of the earth and the possible decay of muons
travelling towards the earth surface, one gets a new expres-
sion for the muon ﬂux at the sea level as a function of the
arrival direction. In Fig. 4 two parameterizations (Adair and
Kasha, 1976; The review of particle physics—Particle Data
Group, Amsler et al., 2008) for θ = 70◦ are shown. In the
TeV energy region, which is relevant for our application,
the two parameterizations are in agreement.
In order to obtain a preliminary estimate of the product
(detector area) × (exposure time) needed to optimize the
muon detector, we performed a simpliﬁed Monte Carlo cal-
culation. We considered a simple geometrical model for the
volcano and for the presence of an internal structure with
diameter , as illustrated in Fig. 5. By taking into account
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Fig. 4. The expected muon flux at the sea level for an arrival direction of 70◦ with respect to the vertical.
Fig. 5. Simplified model for the mountain-detector system, with an internal structure to be studied.
the muon energy loss in the rock and their survival proba-
bility (The review of particle physics—Particle Data Group,
Amsler et al., 2008) we obtained the results shown in Table
1, which reports the flux of muons with energy larger than
0.5 GeV entering the detector and the (detector area)× (ex-
posure time) required to reveal, at the 3σ significance level,
an internal structure in two different cases: an empty cavity
of 20 m diameter and a structure of 50 m diameter charac-
terized by a 10% different density. The results of the model
calculations indicate that detector areas of several square
meters are required.
A full Monte Carlo simulation is needed for a better
evaluation of the muon flux and of the multiple scatter-
ing in the rock. This full simulation is in progress. It is
performed using the GEANT4 (Geometry ANd Tracking)
toolkit for the simulation of the passage of particles through
matter (http://www.geant4.org/geant4/package) and it fea-
tures the 3D Digital Elevation Map (DEM) of Mt. Vesuvius,
shown in Fig. 6, as geometrical input. It is based on
a two steps technique, already developed for studying
the matter effect for the neutrino detection (Miele et al.,
2006) at the Pierre Auger observatory in South Amer-
ica (http://www.auger.org/) and the optimal configuration
Table 1. The product of detector area times measurement time required to
see substructures, according to the simplified model of Fig. 5.
of the NEMO neutrino observatory in the Mediterranean
Sea (http://nemoweb.lns.infn.it/project.htm). Indeed, the
method is in essence the same for neutrinos or muons as
incoming particles. As in the case of Fig. 5, we assumed
as a starting point a given internal structure for the volcano
including the presence of the substructures to be revealed.
Then, as a first step, we generated a large number of cosmic-
ray muons, which are tracked backwards from the detector
to intersect the DEM and the substructures. For each track
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Fig. 6. The 3D Digital Elevation Map of the complex Mt. Vesuvius–Mt. Somma and the location () of the Vesuvian Observatory.
the layers of matter crossed and their densities are recorded,
so that each track is characterised by a sequence of lay-
ers of matter ending at the detector. A huge set of muon
tracks is quickly produced in this way. In a second step, the
GEANT4 programme is used to simulate the interaction of
the muons with the layers of matter they traverse.
At present, this technique is being applied by some of
us (Gonzalez-Garcia et al., 2008) to the NEMO detector
to perform the same study of the earth core-mantle bound-
ary determination that was done by the IceCube neutrino
observatory (http://icecube.wisc.edu/). To this purpose we
have developed a new Monte Carlo code, which is obtained
by combining the HERWIG hadron generator (Corcella et
al., 2001) and GEANT4 in order to be able to treat neu-
trino interactions. The above Monte Carlo simulation tech-
nique will be used to estimate the muon transmission rate
for different paths inside Mt. Vesuvius and thus obtain the
measurement sensitivity for a given detector area and mea-
surement time. Once this is achieved, we will be able to
optimize the detector location taking into account the mor-
phology of Mt. Vesuvius and practical considerations such
as the ease of access and the availability of electrical power.
4. The Muon Detector
The success of the experiments conducted in Japan leads
to envisage an increasing demand for muon radiography of
volcanoes, with higher sensitivity. The spectrum of cosmic
ray muons decreases according to the very steep power law
E−2.7, so that the flux of muons surviving the energy loss in
the traversal of the volcano’s edifice decreases very rapidly
when deeper structures need to be investigated.
The active area of the muon detectors employed so far
was at most 1 m2. This relatively small area limits the appli-
cation to small volcanoes or to the summit (a few hundreds
of meters) of larger volcanoes. As shown in the previous
section, the extension of muon radiography to deeper struc-
tures requires an increase of the detector area by one order
of magnitude. In addition, future detectors should aim at an-
gular resolutions as small as 15 mrad, so far achieved only
with nuclear emulsions. At 1 km distance this corresponds
to a 15 m spatial resolution in the determination of internal
structures. The deterioration of the spatial resolution due to
the multiple scattering in the rock will have to be carefully
estimated and is expected to have a comparable value. The
detector will consist of a sequence of (x-y) detector planes,
to form what in Particle Physics is called a “telescope”. A
telescope is capable of measuring position and angle of par-
ticles, of which for muon radiography only the angle mat-
ters, as the detector is essentially pointlike with respect to
the mountain.
In recent years, the need of particle-physics collider
and neutrino experiments to cover very large detection ar-
eas (thousands of square meters) has driven a substantial
progress in the development of detectors technologically
more advanced, cheaper and simpler to handle. A new
generation of detectors for muon radiography may profit of
these developments. However, for application in a volcanic
environment the detector must be characterized by porta-
bility, little need of maintenance as well as low electrical
power consumption to allow the use of solar panels or other
autonomous power supplies.
In the following, we briefly review those detector tech-
niques that may be of interest for our purposes.
4.1 Nuclear emulsions
The very high spatial (hence angular) resolution of nu-
clear emulsions was evident in the beautiful results of recent
muon radiographies of volcanoes (Tanaka et al., 2007a–c,
2008; Tanaka and Yokoyama, 2008), although not fully ex-
ploited because of the available statistics. Nuclear emul-
sions have undergone an impressive progress in their in-
dustrial production and in the analysis by high speed au-
tomated microscopes (as reported at the 3rd Int. Workshop
on Nuclear Emulsion Technique, http://flab.phys.nagoya-
u.ac.jp/workshop/2008/index.html). They offer the advan-
tage of needing no electricity supply. However, they do not
allow real-time data acquisition and online transmission to
laboratories for analysis.
4.2 Resistive Plate Chambers
In Resistive Plate Chambers (RPC) a gas mixture flows in
a 2 mm gap, where an electric field is created by “resistive”
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Fig. 7. The plastic scintillator strips (left figure) of the OPERA neutrino experiment and their readout system made by optical wavelength shifting fibres
and multianode PMT (right figure).
electrodes which are transparent to the fast electrical signal
produced by the passage of a charged particle. The signal
can thus be readout by induction on metallic strips situated
outside the chamber. A single chamber allows the readout
in two coordinates, by strips situated on either side of the
chamber. Typical strip pitch is of the order of 1 cm.
The RPCs are relatively cheap, light and easy to handle.
They are extensively used for large muon detectors in col-
lider and neutrino experiments. However, they need HV
of approximately 10 kV and a careful control of the gas-
mixture supply, which might constitute relevant inconve-
niences if employed in a volcanic environment.
4.3 Plastic scintillators
The early muon radiographies of volcanoes (Nagamine
et al., 1995; Tanaka et al., 2003, 2005) made use of ap-
proximately 10 cm wide plastic-scintillator strips, cover-
ing a total area of the order of 1 m2. Each strip was read
by a photomultiplier (PMT) through a light guide. The
neutrino oscillation experiment OPERA at the Gran Sasso
National Laboratory (http://www.cern.ch/opera) employed
on a large scale plastic-scintillator strips read out by Wave-
Length Shifting optical fibres and multianode PMTs for
charged-particle tracking.
Figure 7 shows the scintillator strips of the OPERA ex-
periment and their readout system. Each strip is 2.6 cm
wide and about 7 m long. A groove in the strip allocates
a wavelength shifting optical fibre. The fibre conveys the
optical signal to a multianode PMT, which reads the signal
of 64 strips. Modules of 64 strips and their readout are as-
sembled together, to form planes with approximate size of
7×7 m2. Two planes of strips, with horizontal and vertical
orientation, are grouped together to predict the event loca-
tion in the emulsion detector upstream of them. In total, the
plastic scintillator strip system covers an area of 2,900 m2,
very large compared to our needs.
A plastic-scintillator detector requires a minimal mainte-
nance, has low power consumption and is relatively insen-
sitive to ambient conditions. The spatial resolution can be
optimised by the strip geometrical profile and width. Plastic
scintillator strips constitute the most suitable detector op-
tion.
5. Conclusions
The pioneering studies conducted in Japan demonstrated
that radiography by cosmic-ray muons is a powerful new
technique to investigate the inner structure of the edifice of
volcanoes. In perspective, muon radiography is likely to
have a considerable expansion also to other applications.
Given the morphology of the Mt. Vesuvius–Mt. Somma
complex, the investigation of the internal structure of the
edifice of Mt. Vesuvius at depths larger than in previous
volcano radiographies is a real challenge. However, it is
motivated by a high social and scientific interest. In order
to cope with the strong reduction of the muon flux due to
the traversal of the volcano’s edifice, a muon-detector active
area of tens of square metres is needed, much larger than in
previous investigations. The detector design will take ad-
vantage of the experience gained from the construction of
large area muon detectors for particle-physics experiments.
A large detector active area will allow reducing the mea-
surement time and eventually result in muon radiography
to be used for almost real-time monitoring purposes. The
detector will make use of plastic scintillators and aim at an
angular resolution of the order of 15 mrad, so far achieved
only with nuclear emulsions.
The deployment of a large-area detector at Mt. Vesuvius
by an international collaboration is also intended to pave the
way to subsequent application to other volcanoes around the
world. Of special scientific interest will be the radiography
of Strombolian volcanoes.
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